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Abstract
The Carbon Storage Program contains three principal components:  Core Research and Development (R&D), Infrastructure, and
Program Support (Strategic). Core R&D involves both applied laboratory- and pilot-scale research focused on adapting existing 
and developing new technologies and systems for geologic storage. Core R&D encompasses three Technology Areas:  (1) 
Geologic Storage Technologies and Simulation and Risk Assessment (GSRA); (2) Monitoring, Verification, Accounting (MVA), 
and Assessment; and (3) Carbon Use and Reuse. The GSRA Technology Area is subdivided into six Key Technologies
(wellbore; mitigation; fluid flow, pressure, and water management; geomechanical impacts; geochemical impacts; and risk 
assessment). The MVA Technology Area is subdivided into four Key Technologies (atmospheric monitoring; near-surface 
monitoring; subsurface monitoring; and intelligent monitoring). The Carbon Use and Reuse is subdivided into three Key 
Technologies (polycarbonate plastics, mineralization/cements, and chemicals). This paper addresses the Core R&D geologic 
storage effort and how it is meeting the R&D challenges in the GSRA and MVA Technology Areas.
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1. Introduction
The Carbon Storage Program is administered by the U.S. Department of Energy’s (DOE) Office of Fossil Energy 
(FE) and implemented by the National Energy Technology Laboratory (NETL) and is focused on developing and 
advancing technologies, both onshore and offshore, that will significantly improve the effectiveness of carbon
capture and storage (CCS), and will reduce the cost of implementation. A primary focus of the Program is ensuring 
that these technologies will be ready for widespread commercial deployment in the 2025–2035 timeframe. The 
Carbon Storage Program contains three principal components:  Core Research and Development (R&D); the 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Infrastructure (Regional Carbon Sequestration Partnerships [RCSPs]); and Program Support (Strategic) (Figure 1).
The integration of these components continues to address both technological and marketplace challenges.  
Fig. 1. Carbon Storage Program Structure
Core R&D focuses on carbon dioxide (CO2)-specific aspects of storage, including trapping mechanisms, plume 
tracking and stabilization, pressure management, and identification and mitigation of potential release pathways. 
The level of technology R&D conducted in the Core R&D efforts ranges from laboratory- to pilot-scale activities, 
typically having Technology Readiness Levels (TRLs) in the range of 2–5 for the technologies necessary for 
demonstration by 2020 to support first mover projects and demonstration by 2030 to support broad deployment 
projects [1]. Technologies supporting first mover projects may currently be at the laboratory scale or pilot-scale 
testing and should be available for large-scale testing by 2020. Technologies supporting broad deployment projects 
are new, novel tools and approaches that can radically reduce costs, enable storage in all formation types, and will 
most likely be available for demonstration in 2030.
The Infrastructure Technology Area includes research efforts performed through the RCSPs. In addition, this 
research area is carrying out regional characterization and field validation testing to demonstrate that different 
geographic regions, both onshore and offshore, have the capability to permanently store CO2 and provide the basis 
for commercial-scale CO2 projects. Field validation testing will support both first mover and broad deployment 
projects and includes both small-scale (TRL 5–6) and large-scale (TRL 7–9) injection projects. The Infrastructure 
Technology Area involves the validation of new technologies and benefits from specific solutions developed in the 
Core R&D component. In turn, data gaps and lessons learned from small- and large-scale field projects are fed back 
to the Core R&D component to guide future R&D. Program Support activities contribute to an integrated domestic 
and international approach to ensure CCS technologies are cost-effective and commercially available. The program 
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strategically targets research from NETL’s Office of Research and Development (ORD) and the DOE National 
Laboratory network to complement the programs’ approach to reducing CO2 emissions.
Core R&D encompasses three Technology Areas:  (1) Geologic Storage Technologies and Simulation and Risk 
Assessment (GSRA); (2) Monitoring, Verification, Accounting (MVA), and Assessment; and (3) Carbon Use and 
Reuse. This paper addresses the Core R&D geologic storage effort and how it is meeting the R&D challenges in the 
GSRA and MVA Technology Areas.
2. Geologic Storage Technologies and Simulation and Risk Assessment (GSRA) Technology Area
The Carbon Storage Program supports research to develop technologies that can improve containment and 
injection operations, increase reservoir storage efficiency, assess risks, and mitigate potential release of CO2 in all 
types of storage formations. Research conducted in the near- and long-term will augment existing technologies to 
demonstrate storage of CO2. Advances in the scientific understanding of fluid flow, geomechanical, and 
geochemical processes rely upon computer simulators, in combination with laboratory measurement of modeling 
parameters and field validation. Simulation also plays a critical role in the design of injection strategies and the 
development of a monitoring program for a storage project.
Within the GSRA Technology Area, the Carbon Storage Program supports research in six Key Technologies —
wellbore; mitigation; fluid flow, pressure, and water management; geomechanical impacts; geochemical impacts; 
and risk assessment. Research challenges and current activities, progress and accomplishments in each of these Key 
Technologies are discussed below.
2.1. Wellbore
Wellbore integrity addresses the need to assess and construct wellbores to ensure safe and reliable injection 
operations as well as long-term containment of CO2 in the targeted reservoir. Wellbore materials must be resistant to 
chemical corrosion from injected fluids. They also must be sufficiently strong to withstand mechanical stresses 
associated with injection, and they must have good cement bonds to ensure containment. 
Current research efforts include:
x Utilizing available industry and regulatory data on wellbore integrity to provide a methodology to identify risks 
and recommend mitigation procedures. This effort is focused on the Midwest, which is a region of many old and 
abandoned wells
x Developing an analytical and finite element method to model the geomechanical behavior of a well over its 
lifetime in order to assess the potential for development of release pathways
x Using sensitive measurements of casing deformation to analyze well integrity
x Performing laboratory work to assess factors affecting the strength of casing/cement/rock bond and the potential 
for developing release pathways
x Collecting information regarding the condition of casing/cement/rockbond in existing wells
2.2. Mitigation
Mitigation addresses the need to prevent and, if necessary, correct any potential release of CO2 from its intended 
geologic storage reservoir. Permanent CO2 storage relies on the presence of a laterally extensive confining zone that 
will trap the CO2. Wellbores and natural geologic features, including faults and fractures, could become release 
pathways for CO2 to the surface or into other subsurface formations. Research is needed to develop methods to 
detect potential release pathways and to seal these release pathways.
Currently, efforts are underway to develop:
x New methods for sealing of release pathways in existing wells [2]
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x Microbially induced calcite precipitation (MICP) release mitigation technology, which can be delivered via low 
viscosity solution, has progressed from laboratory-scale concept through pilot-scale testing to successful field 
deployment in the field
x Other advanced materials for sealing of wellbore release pathways involving laboratory evaluation of the 
performance of a pH-triggered polymer gelant as sealant and evaluating and testing of polymer-cement 
nanocomposites as sealants [3]
2.3. Fluid Flow, Pressure, and Water Management
Fluid flow, pressure, and water management provides the knowledge and tools needed to design effective 
injection operations, optimize injection rates, make efficient use of reservoir storage space, and ensure the sealing 
capability of caprock formations. The flow of CO2 in the reservoir and associated changes in temperature and 
pressure are affected by many factors, such as sedimentary, structural, and hydrologic properties of the reservoir, as 
well as the type of fluid in the reservoir (i.e., saline water, oil or gas). Research is needed to assess the impact of 
these factors on CO2 trapping and stabilization, and storage efficiency. Currently, several efforts are focused on 
improving fundamental understanding and modeling of trapping. 
Research focused on improving fundamental understanding and modeling of trapping includes:
x Determining the impact on trapping of local (small-scale) capillary traps in heterogeneous storage formations 
through simulation and laboratory experiments
x Generating data to validate models in intermediate-scale laboratory test systems simulating capillary and 
dissolution trapping under various heterogeneous conditions
x Investigating the influence of diagenetic and structural features of the reservoir/caprock interface on the potential 
transmission of CO2 into the caprock [4]
x Evaluating different methods of in-situ determination of residual gas saturation in a saline reservoir as part of an 
international collaborative study at the Otway project in Australia [5]
x Studies to better understand CO2 flow and trapping in unconventional reservoirs, including unmineable coal
seams, gas shales, and basalt formations
Research focused on developing a better understanding of storage capacity includes:
x Development of geostatistical models of formations representing different depositional environments [6,7].
x Determination of storage capacity by numerical modeling. 
A number of two- and three-dimensional computer simulators exist today for predicting CO2 flow, temperature 
changes, and pressure changes based on intrinsic reservoir properties, but further validation of models against field 
data will increase confidence and reduce uncertainty in model results. 
Research being conducted includes: 
x A detailed history match of plume migration at the Sleipner project in Norway [8]
x A numerical simulator comparison study in which the results of modeling a selected geological storage site using 
different numerical simulators are analyzed to better understand and quantify model uncertainties
The complexity of hydrologic processes affecting flow of CO2, the number of factors affecting flow, and 
uncertainty in these parameters can result in time-consuming and costly modeling efforts for storage projects. 
Several efforts are underway to develop new simulators which address complexity, reduce run time and cost, but 
maintain accuracy. 
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Research for developing new simulators includes:
x Development and validation of a portfolio of simplified modeling approaches to predict the extent of CO2 plume 
migration, pressure impact and brine movement for a semi-confined system with vertical layering [9]
x Development of modular software for quantifying the uncertainty of predicting CO2 plume migration using 
injection data [10]. The technology is based on grouping geologic models based on connectivity characteristics 
and subsequently performing model selection within a Bayesian framework using injection data (Figure 2)
Fig. 2. Application of model grouping technique to data from the In Salah project. Selected models in final cluster (top) exhibit common 
characteristics (red high permeability streak) that explain field pressure observations [11].
x Comparison of the performance of models of different complexities when applied to actual sites and development 
of a set of practical criteria that can guide the choice of model complexity [12]
x Analysis of Response Surface uncertainty for formations which exhibit multiple scales of permeability 
heterogeneity
x Development of an Enhanced Analytical Simulation Tool (EASiTool) for simplified reservoir models to predict 
storage capacity of brine formations [13]. EASiTool uses analytical models and takes into consideration two-
phase flow, geo-mechanically imposed limitations, and active brine management to estimate the storage capacity 
in open and closed boundary conditions
In saline formations in particular, reservoir pressure management requires an understanding of the displacement
of water by injected CO2 and use of appropriate water management techniques if necessary. 
Current research on water management includes efforts to:
x Develop optimization methods and associated simulation tools [14]
x Design pressure management solutions at minimal cost [15]
x Use modeling to provide brine extraction/injection strategies that maximize CO2 storage and minimize storage 
risk [16]
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2.4. Geomechanical Impacts 
Geomechanical deformation triggered by increased fluid pressure during injection operations could potentially 
result in faulting, fracturing, re-activation along existing faults and fractures, microseismicity, damage to the 
wellbore, and other types of elastic and inelastic deformation. Ideally, injection pressures should be kept low to 
prevent geomechanical impacts. To ensure that this condition is met, research is needed to understand the potential 
for geomechanical deformation to the reservoir, seal, and wellbore as a result of CO2 injection. 
Geomechanical research is focused on:
x Integrating geomechanical impacts into models to assess and mitigate potential risk
x Developing efficient mathematical and computational models of the coupling between CO2 injection and fault 
mechanical deformation [17]
x Using geomechanical modeling to develop a better understanding of the hydromechanical impacts of CO2
injection into fractured and faulted reservoirs, which are part of international collaborative research in the 
Snøhvit and In Salah projects
2.5. Geochemical Impacts 
Geochemical impacts research is needed to understand chemical processes related to CO2 storage, including 
aqueous speciation, dissolution/precipitation, microbial-mediated redox reactions, ion-exchange between solutions 
and minerals, and surface chemical reactions occurring at phase interfaces. All of these reactions will have impacts 
on the physical processes taking place in the storage formation, caprock, and along potential release pathways. 
Current research efforts include:
x Developing advanced coupled numerical simulators to enable study of the impacts of geochemical reaction on 
hydrologic and geomechanical processes
x Developing an advanced simulation tool for quantifying transport in porous and fractured geological formations 
during CO2 storage that includes convection, diffusion, dissolution and chemical reactions
x Combining a reactive transport model with a discrete element model to study the potential for fracture generation 
and slip (Figure 3)
To complement and constrain numerical studies, laboratory investigations of the enhanced porosity and permeability
[18] in carbonate storage reservoirs, and studies of mineral carbonation in mafic/ultramafic rocks are also underway.
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Fig. 3. Shown is the vector displacement field for a Discrete Element Model simulation of CO2 injection (from a well in the middle of the model) 
into fractured rock [19].
2.6. Risk Assessment 
Risk assessment focuses on the systematic identification of risk factors in a CCS project. In addition to 
identifying potential risk factors, it is necessary to define or predict specific consequences. Numerical simulation, 
based on field operations experience, is used to support the development of a rigorous risk assessment strategy that 
includes quantification of risk factors. 
Current research has yielded the following tools and frameworks:
x A comprehensive, quantitative CO2 risk assessment tool that is based on a Quantitative Failure Modes and 
Effects Analysis (QFMEA) model, which can be customized to assess site-specific projects or integrated with 
other CO2 storage assessment tools. This tool has been used by the Southwest Regional Partnership in the 
Farnsworth Unit large scale project
x A flexible framework that allows system designers to build custom comprehensive, system-level risk assessment 
tools that incorporate technical, financial, and programmatic aspects of CO2 geologic storage projects. This 
framework has been used as the platform for the quantitative risk assessment model called CO2-PENS
3. Monitoring, Verification, Accounting (MVA), and Assessment Technology Area
The migration of the CO2 plume in the underground formation must be tracked, via monitoring, to satisfy 
operating requirements for onshore storage under EPA regulations to ensure that potable groundwater and 
ecosystems are protected. Additional monitoring requirements arise from the EPA Greenhouse Gas (GHG) reporting 
program for facilities that inject CO2 underground for geologic storage (Subpart RR) [20]. Technologies developed 
for oil and gas exploration and development provide a good basis for subsurface CCS MVA, but CO2-specific 
regulations push technology needs beyond those required for conventional oil and gas operations. Conventional oil 
and gas exploration and production has not provided a large technology base for either the atmospheric or near-
surface monitoring key technologies. This, in turn, results in the need for additional technology development for 
CCS applications.
The Carbon Storage Program supports MVA research in four key technologies: atmospheric monitoring, near-
surface monitoring, subsurface monitoring, and intelligent monitoring. Research in these areas, in conjunction with 
small- and large-scale injection projects, is expected to produce advanced MVA tools that can be applied in a 
systematic approach to address monitoring requirements across the range of storage formations, depths, porosities, 
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permeabilities, temperatures, pressures, and associated confining formation properties likely to be encountered in 
each storage project. A multilevel approach will be used to address monitoring requirements to reduce uncertainty 
and provide greater confidence. Research challenges and current activities, progress and accomplishments in each of 
the MVA Key Technologies are discussed below.
3.1. Atmospheric Monitoring
Tools are needed to identify and quantify possible releases of CO2 from the surface into the atmosphere from 
underground storage reservoirs. Potential release pathways include wellbores and faults. Currently available 
technologies for surface monitoring include use of flux accumulation chambers and eddy covariance towers [21].
Research is needed, however, to develop improved tools and methods. Since there are many natural sources of CO2
which contribute to the observed CO2 concentrations in the atmosphere, methods need to be developed to 
distinguish between naturally occurring CO2 and CO2 that might be released from storage. New tools and methods 
are also needed which enable cost-effective monitoring of the large surface footprint associated with commercial 
storage projects. 
Current research to address the need for large areal coverage includes work on light detection and ranging 
(LIDAR) systems, and includes:
x Developing a scanning differential absorption LIDAR system for spatial mapping of CO2 number densities
x Applying LIDAR systems in a tomographic mode to generate 2-D concentration and flux maps over the storage 
field
In a different approach, near surface and airborne monitoring technologies utilizing infrared gas analyzers are 
being integrated in order to optimize ground-based and airborne sampling. To address the issue of distinguishing 
stored CO2 from natural CO2, research is also underway to develop a carbon-14 (14C) field-ready analyzer having a 
sensitivity of approximately 1 part per  million (ppm) of fossil fuel generated CO2 in ambient air.
3.2. Near-Surface Monitoring 
Research is needed to develop near-surface monitoring tools, for detecting possible releases of CO2 in the vadose 
zone and in shallow groundwater formations. Near-surface measurements complement atmospheric measurements, 
because natural variations in CO2 levels in the near-surface ecosystem are minimal. Near-surface monitoring also  
includes ecosystem stress monitoring, which may also indicate elevated CO2 levels above storage reservoirs, and 
surface displacement monitoring tools (e.g., Interferometric Synthetic Aperture Radar , Global Positioning System,
tiltmeters), which are indicative of reservoir pressure changes. As is the case for atmospheric monitoring, new 
techniques are needed for monitoring large areas, in the near surface, associated with commercial CO2 storage 
projects. Currently, efforts are underway to develop a multi-parameter (CO2, pH, salinity, and temperature), real-
time, fiber optic system for the accurate detection of CO2 in groundwater.
3.3. Subsurface Monitoring 
Development of subsurface monitoring tools is a key research area. Such tools are needed to: (1) initially 
characterize the formation, (2) track the movement of the injected CO2 plume through the storage reservoir, (3)
define the lateral extent and boundaries of the plume, (4) track associated pressure changes and other physical 
property changes in the reservoir to identify possible release pathways that will inform future monitoring efforts,
and (5) demonstrate long-term stability of the CO2 plume. Seismic geophysics is an important monitoring option for 
monitoring of the plume but research is needed to improve resolution, reduce uncertainty in interpretation of the 
measurements, and establish bounds on its applicability. 
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Research efforts focused on improved seismic geophysics include:
x Use of combined multicomponent seismic technology and rock physics modeling to reduce uncertainty in 
monitoring measurements and determine the distribution of CO2 in the reservoir
x Development of sparse arrays for monitoring; incorporating automated,  semi-permanent sensor deployment  
x Development of CO2-optimized rock-fluid models that incorporate the seismic signatures of saturation scales and 
free vs. dissolved CO2,  pore pressure changes, and CO2-induced chemical changes in the host rock
x Building and testing a prototype downhole seismic system capable of deploying 3C (3 component) downhole 
receivers using Fiber Optic Seismic Sensor (FOSS)™ technology (Figure 4)
x Development of fiber optic Distributed Acoustic Sensing (DAS)
Fig. 4. Deploying the Fiber Optic Seismic Sensor (FOSS)™ Array into a well in Texas; far right – close-up of fiber tube which hold up to 50 
fibers for DAS, DTS (Distributed Temperature Sensing), and other sensors [22].
Tools and methods that provide measurements which are complementary to, and augment seismic data are also 
needed. These tools and methods include:
x Development of a Controlled Source Electromagnetic Methods (CSEM) system for permanent, autonomous 
monitoring
x Development of a pressure-based inversion and data assimilation system (PIDAS) for detecting out of zone CO2
movement; the system incorporates harmonic pulse testing
x Development of methods to characterize the geomechanical properties of reservoir and remotely estimate 
pressures using casing deformation measurements
x Use of isotopes [23] and perflourocarbon tracers in sedimentary storage reservoirs and radiocarbon for tracking 
CO2 storage in basaltic rocks [24]
Integration of different types of monitoring measurements is also important in reducing uncertainties in plume 
monitoring. Current efforts include development of borehole instrument packages containing multiple sensors, 
including fiber optic distributed sensors, and a study focused on integration of InSAR and GPS with surface seismic 
and geochemical and other measurements.
3.4. Intelligent Monitoring 
These systems combine real-time data collection, site-specific and project-specific data analysis and 
interpretation, and injection control. Such systems need to integrate data from diverse monitoring networks, analyze 
it in conjunction with reservoir simulations and convert the output into meaningful and actionable information. Data 
processing, analysis, and interpretation workflows must be developed that address the particular needs and 
objectives of an individual storage project. Information delivery and advanced visualization are important 
components of this key technology. Current research efforts include a study to develop a stochastic joint inversion 
toolbox linking reservoir process simulations with dynamic monitoring and measurement inversion [25]. Another 
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effort has resulted in the development of an in-situ CO2 leak detection technology and use of real-time pressure data 
from permanent downhole gauges to estimate the location and the rate of CO2 release (Figure 5).
Fig. 5. Schematic illustration of methodology which uses  real-time pressure data from permanent downhole gauges coupled with reservoir
simulation and pattern recognition techniques to estimate the location and the rate of potential CO2 release (e.g., from abandoned wells) [26].
4. Summary and Conclusions
Technology challenges in geologic carbon storage include prediction and monitoring of the CO2 plume and brine 
pressure front, understanding the geomechanical impacts of injection, assessing the risks, detecting, monitoring and 
mitigating potential releases from wellbores, faults and other migration pathways. The Core R&D component of the 
DOE Carbon Storage Program is addressing these challenges through a diverse set of multidisciplinary projects 
organized into ten key technologies within the GSRA and MVA technology areas. The analytic, laboratory and 
pilot-scale research is providing improved understanding of CO2 trapping and stabilization and the geomechanical 
and geochemical impacts of injection. New modelling tools are being developed to reduce uncertainties in prediction 
of the behaviour of CO2 in the subsurface. Existing technologies are being improved and new, innovative tools 
developed to improve accuracy and reduce uncertainty in monitoring. Methods for assessing and mitigating risks 
have been developed and novel methods are being explored. Collectively, the program has made significant progress 
in the advancement of these technologies that will significantly improve the effectiveness of CCS and reduce the 
cost of implementation. However, more research is needed to ensure that these technologies will be ready for 
widespread commercial deployment in the 2025–2035 timeframe. Over the longer term, research is needed to 
develop:
x Advanced tools to ensure wellbore integrity in complex formations, such as sub-salt, low strength, and 
overpressured conditions as encountered in broad deployment projects; and novel well completion techniques to 
increase reservoir injectivity without compromising containment
x Lower-cost tools with higher resolution, including advanced seismic and tracer technologies for potential leak 
identification in wells and from the natural system; and new methods and materials for permanent mitigation of 
release pathways
x High-resolution, robust, permanently installed monitoring networks
x New, coupled geomechanical/fluid flow models that reduce costs and uncertainties in model predictions while 
increasing their accuracy
x New, fit-for-purpose numerical fluid flow models that reduce cost and uncertainty of simulations while 
increasing their accuracy and models and methods to manage extracted water and brine
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x Advanced, coupled, geochemical, and bio-geochemical/fluid flow models for optimizing injection efficiency, 
reducing cost, and increasing certainty
x Improved quantitative risk assessment tools and to further integrate risk assessment with field operations
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